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We present phase coherence time measurements in quasi-one-dimensional Ag wires doped with
Fe Kondo impurities of different concentrations ns. Due to the relatively high Kondo temperature
TK ≈ 4.3K of this system, we are able to explore a temperature range from above TK down to below
0.01 TK . We show that the magnetic contribution to the dephasing rate γm per impurity is described
by a single, universal curve when plotted as a function of (T/TK). For T > 0.1 TK , the dephasing
rate is remarkably well described by recent numerical results for spin S = 1/2 impurities. At
lower temperature, we observe deviations from this theory. Based on a comparison with theoretical
calculations for S > 1/2, we discuss possible explanations for the observed deviations.
PACS numbers: 73.23.-b, 03.65.Bz, 75.20.Hr, 72.70.+m, 73.20.Fz
The Kondo effect has been a central theme in solid
state physics for several decades. The fascination it still
arouses is due to the fact that it represents a paradigm
of the generic problem of dynamical impurities in met-
als [1]. Its most well-known manifestation is the logarith-
mic increase of the low temperature resistivity of metals
containing magnetic impurities [2]. The phenomenon is
accompanied by a progressive screening of the spin of
the impurities by the surrounding conduction electrons,
resulting, in the case of complete screening, in a Fermi
liquid ground state [3]. In the last decade, a number
of experiments have also demonstrated [4, 5, 6, 7] that
Kondo impurities provide an important mechanism for
electronic decoherence at low temperature. Conversely,
measurement of the phase coherence time is a powerful
tool to probe the ground state of a Kondo system.
On the theoretical side, it has been shown very recently
[8] that the dephasing rate of electrons scattering from
diluted Kondo impurities can be calculated exactly from
the inelastic scattering cross section [9] by using renor-
malization group (NRG) techniques. The calculated full
temperature dependence of the dephasing rate [8] thereby
allows for a quantitative comparison between experimen-
tal data and theoretical predictions, bridging the gap be-
tween the low temperature Fermi liquid theory and the
“high” temperature Nagaoka-Suhl expansion. Indeed, re-
cent experiments [10] have confirmed qualitative aspects
of these NRG calculations, in particular, the dephasing
rate has been found to be linear with temperature over
almost one decade below TK . The relatively low Kondo
temperature of the system used in that work, on the other
hand, did not allow to perform measurements well below
0.1TK where the Fermi liquid regime should appear. In
this context, a natural challenge is to investigate the very
low temperature limit of the magnetic contribution to the
dephasing rate γm.
In this Letter we present measurements of the phase
coherence time τφ of AgFe Kondo wires with different
magnetic impurity concentrations and down to temper-
atures of 0.01TK. We show that the magnetic contri-
bution to the dephasing rate γm per magnetic impurity
presents a universal scaling when plotted as a function of
T/TK . This dephasing rate is remarkably well described
by the recent numerical result for spin S = 1/2 impuri-
ties [8, 9]. On the other hand, at very low temperatures
(T < 0.1TK), we observe deviations from this result.
In order to be able to explore the very low tempera-
ture limit of Kondo systems, several severe experimen-
tal requirements have to be met. First of all, a suitable
Kondo system with a relatively high Kondo temperature
is needed in order to be able to attain temperatures of
the order of 0.01TK. At the same time one would like to
avoid that the Kondo maximum of the dephasing rate is
Sample l R ρ D dose ns
(µm) (Ω) (µΩcm) (cm2/s) (ions/cm2) (ppm)
AgFe1 745 877 0.88 429 1.0 · 1012 2.7
AgFe2 405 517 0.96 400 1.0 · 1013 27
AgFe3 160 222 1.04 360 2.5 · 1013 67.5
Ag2 765 1305 1.28 295 0 0
TABLE I: Sample characteristics: l, R, ρ, D and ns corre-
spond to the length, electrical resistance, resistivity, diffusion
coefficient, and impurity concentration, respectively. All sam-
ples have a width of w = 150nm and thickness of t = 50nm.
masked by the phonon contribution. Secondly, one has
to be able to start with a very pure sample which al-
2ready shows good agreement with theory in the absence
of magnetic impurities and in the temperature range of
interest. In addition, one would like to be able to use
identical samples and add magnetic impurities with a
very high precision: this is obviously an experimental
challenge which has not been achieved up to date.
A Kondo system which satisfies the above conditions
is Ag/Fe: the Kondo temperature of this system deter-
mined from Mo¨ssbauer measurements is around 3K [11]
close to the value we extract below from resistivity mea-
surements. For this system we can easily attain temper-
atures well below 0.1TK . In addition we are able to pre-
pare extremely pure silver samples [4]. The idea is hence
to fabricate several identical quantum wires (see inset of
figure 1) on the same wafer. Subsequently, the samples
are implanted in a very controlled manner with magnetic
impurities via Focused Ion Beam (FIB) technology. The
Fe+ ion implantation was done with an energy of 100 keV
and the implanted ion dose is determined directly via the
ion current [12]. In table I, the geometrical and electrical
parameters as well as the implanted ion concentrations
of our samples are summarized.
FIG. 1: (color online) Resistivity per magnetic impurity con-
centration as a function of temperature for sample AgFe2 and
AgFe3. The experimental data have been superposed at low
temperatures and the electron-electron contribution has been
subtracted. The solid curves are the NRG results for S = 1/2
(blue), S = 1 (red) and S = 3/2 (green).
We first determine the Kondo temperature via stan-
dard resistivity measurements. The electrical resistance
of a quasi one-dimensional metallic wire containing mag-
netic impurities at low temperature is given by
R(T ) = R0 + α/
√
T + ns ∗ f(T/TK) (1)
where R0 is the residual resistance and ns is the magnetic
impurity concentration. The second term corresponds to
the electron-electron interaction term [13, 14] and the
third term to the Kondo contribution. The electron-
electron interaction contribution can be determined in-
dependently by measuring the resistivity of a clean sam-
ple (Ag 2) containing no magnetic impurities. Fitting
the temperature dependence of the resistance variation
to ∆R(T ) = αexp/
√
T we obtain αexp = 0.081Ω/K
1/2,
in good agreement with the theoretical value αtheo =
2R2/RK/L
√
h¯D/kBT = 0.082Ω/K
1/2.
The Kondo contribution to the resistivity per impurity
concentration is shown in figure 1 for sample AgFe 2 and
AgFe 3. Both data sets scale nicely with impurity concen-
tration and one observes typical features of a Kondo sys-
tem: a logarithmic increase below the Kondo minimum
and a saturation at the lowest temperatures. Fitting the
resistivity data to the NRG results for S=1/2 [15, 16] we
obtain a Kondo temperature of T ρK = 3.0K ± 0.3K.
Phase coherence measurements, on the other hand, are
much more sensitive to the presence of magnetic impuri-
ties. Here we determine the phase coherence time τφ as
displayed in figure 2 by fitting the low field magnetore-
sistance to standard weak localisation theory [13, 17].
FIG. 2: (color online) Phase coherence time of Ag wires con-
taining different amounts of Fe impurities. The black solid
line corresponds to the assumption that only electron-electron
and electron-phonon interaction contribute to dephasing. The
blue dotted line is a fit to the experimental data taking into
account the magnetic contribution to the dephasing for S=1/2
impurities.
The experimentally measured phase coherence time τφ
for a metallic quantum wire containing magnetic impu-
rities can be described by the following expression [18]
1
τφ
=
1
τe−e
+
1
τe−ph
+
1
τm
(2)
where
1
τe−e
= atheo T
2/3 =
[
pi√
2
R
RK
kB
h¯
√
D
L
]2/3
T 2/3 (3)
corresponds to the electron-electron interaction term [14],
1/τe−ph = b T
3 to the electron-phonon interaction, while
1/τm = γm corresponds to the magnetic contribution to
the dephasing. In absence of magnetic scattering, the
3temperature dependence of the phase coherence time is
determined by the first two terms in eq.2 [13, 18]. Our
data on the clean wire (sample Ag 2) follow nicely the ex-
pected temperature dependence down to 40mK as shown
by the black solid line. From fitting the data we extract
aexp = 0.42ns
−1K2/3 and b = 0.04ns−1K3. The value
of aexp is somewhat larger than atheo = 0.22ns
−1K2/3.
At very high temperatures (T > 5K), all samples follow
essentially the same temperature dependence. In this
temperature regime the phase coherence time is mainly
determined by electron-phonon scattering.
The phase coherence time τφ for samples containing
magnetic Fe impurities shows a quite different behavior.
One first observes a plateau around 2K and subsequently
a desaturation of the phase coherence time. This can be
understood within the framework of Kondo physics. At
temperatures above the Kondo scale TK spin flip scatter-
ing is dominant and leads to a plateau in τφ. At tempera-
tures below TK , the magnetic impurity spins get screened
and as a consequence the phase coherence time increases.
By fitting the data to eq. 2 and taking into account mag-
netic scattering in a similar way as was done in ref. [10],
we can extract a Kondo temperature TK (using the con-
ventions of [8]) as well as the magnetic impurity concen-
tration. A typical fit is shown by the dotted blue line
for sample AgFe1. We extract impurity concentrations
of 1.3, 13 and 33 ppm for sample AgFe 1, AgFe 2 and
AgFe 3 respectively. The Kondo temperature is similar
for all samples and of the order of TK = 4.3K ± 0.2K.
To extract the dephasing rate due to magnetic impurities
γm, we subtract the experimentally measured electron-
electron and electron-phonon contribution. For the sub-
traction we use the coefficients obtained for the clean
sample. We then plot our data scaled per magnetic im-
purity as a function of (T/TK) as shown on figure 3. In
addition we also plot data of sample AuFe2 of ref.[10]
having a different Kondo temperature. All data points
fall on a universal curve. In comparison we also plot
the NRG results for S = 1/2 [8] as indicated by the blue
solid line. We find remarkable agreement with this theory
down to temperatures of 0.1TK . At lower temperatures,
however, we observe deviations from this theory, as em-
phasized on the log-log plot in the inset of figure 3. The
fact that we observe a universal curve for different im-
purity concentrations which depends only on T/TK is a
strong indication that we are in the single impurity limit
and interactions between the magnetic impurities can be
ruled out. On the other hand, it is clear that our data
are not consistent with the Fermi liquid prediction of the
spin 1/2 impurity model where a T 2 [19] temperature de-
pendence of the magnetic scattering time is expected at
low temperature.
It is quite remarkable that the temperature depen-
dence of γm above 0.1TK is this well described by the
S=1/2, single channel model. Fe is expected to be charac-
terized by both an orbital degree of freedom and a much
larger spin, S = 2, coupling to electrons in up to five
angular momentum channels. The relevant theoretical
model depends on the position of the Fe within the Ag
crystal structure, crystal field effects and the strength of
the spin-orbit coupling and is presently not known. An
obvious candidate to explain the weak temperature de-
pendence of γm for low T is to assume that the large
spin of Fe is only partially screened. This occurs when
the effective number of channels nc is smaller than 2S
(for cubic symmetry nc = 2 or 3 is expected).
FIG. 3: (color online) Dephasing rate per magnetic impurity
as a function of (T/TK). The NRG results, keeping 1900
states for each NRG iteration and using the discretization
parameter Λ = 1.50, for S = 1/2 (blue), S = 1 (red) and
S = 3/2 (green) have been scaled in temperature such that
the maxima coincide with the experimental data. The black
solid line in the inset corresponds to S=1/2 where we add a
constant background.
We have therefore computed γm and the Kondo con-
tribution to the resistance R(T ) for 1/2 ≤ S ≤ 5/2 in
the single channel, nc = 1, limit as shown in Figs. 1 and
3 for S ≤ 3/2 [20]. Already for S = 1, the temperature
dependence of both, the resistivity as well as the dephas-
ing rate is much slower than for the case of S = 1/2. By
screening a single channel, one can only reduce the size
of the spin by 1/2. The resulting spin of size S − 1/2 re-
mains, however, so strongly coupled to the electrons that
γm remains large even considerably below TK . The cor-
responding very broad maximum around TK is clearly in-
consistent with the experimental result already for S = 1
as is shown in Fig. 3. While the resistivity is much less
sensitive at low T , similar conclusions can be drawn by
comparing our results for ∆ρ(T ) to the NRG theory in
Fig. 1.
The comparisons show that the experimental data are
indeed extremely close to a spin 1/2 model and we can
definitely rule out any underscreened scenario. Also an
overscreened Kondo model with nc > 2S can not explain
the experimental data as it would lead to an even larger
4dephasing rate at low T [23]. Our data strongly indicate a
perfect screening of almost all of the Fe impurities. Such
a screening may, however, involve more than one channel
and a spin larger than 1/2. The fact that the fitted con-
centrations nS are 50% lower than the nominal concen-
trations, and that the Kondo temperatures obtained by
fitting γm and ∆ρ with the S = 1/2 single channel model
differ almost by a factor TK/T
ρ
K = 1.4±0.3 certainly sup-
ports this hypothesis. One actually obtains TK/T
ρ
K ≈ 1.1
from the NRG for S = 1/2 [8] and interestingly, calcu-
lations for the underscreened single-channel model show
that this ratio increases with increasing spin up to 1.6 for
S = 5/2.
What could then be the origin of this puzzling tem-
perature dependence of γm below 0.1TK ? One could
argue that the relatively weak temperature dependence
below 0.1TK originates from some other source, different
from magnetic impurities. As γm scales perfectly with
the magnetic impurity concentration we can definitely
rule out any extrinsic effects. The curious temperature
dependence of γm has to originate from the magnetic im-
purities themselves or from the implantation process. A
small fraction of implanted Fe impurities may for exam-
ple end up close to a lattice defect or in a grain bound-
ary. One could also imagine that the ion implantation
creates additionally dynamical defects, like two level sys-
tems (TLS) which can lead to a much slower decay of
the dephasing rate at low temperatures [23]. Assuming a
temperature independent background, arising from such
slow TLS, as indicated by the black solid line in the inset
of Fig.3, results in a very good agreement between the
experimental data and the S = 1/2 result. Let us men-
tion, however, that electron spin resonance experiments,
where Cu implantations have been performed into a Cu
host, did not see any difference before and after implan-
tation down to temperatures of 3K [24]. Note also that
the AuFe sample, which has been fabricated without ion
implantation shows the same universal temperature de-
pendence down to 0.07TK.
In conclusion we have measured the phase coherence
time of AgFe quantum wires down to temperatures of
0.01TK. We have shown that the magnetic contribution
to the dephasing rate γm per magnetic impurity is a uni-
versal function of T/TK . Its temperature dependence
is in remarkable agreement with recent NRG studies for
S=1/2, down to temperatures of 0.1TK . At lower tem-
peratures, we observe deviations from this theory. The
comparison of the experimental data with our NRG cal-
culations for higher spins allows us to rule out any un-
derscreened model to explain the deviations at the lowest
temperatures. Ion implantation of non magnetic impuri-
ties and further tests of scaling should allow to shed light
onto this puzzling temperature dependence of γm in the
very low temperature limit.
note added : We recently became aware of a related work
leading to similar conclusions [G.M. Alzoubi et al.].
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